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Abstract 
In this work, various three-dimensional (3D) scaffolds were produced via micro-
stereolithography (m-SLA) and 3D printing (3DP) techniques. This work demonstrates the 
advantages and disadvantages of these two different rapid prototyping methods for 
production of bone scaffolds. Compared to 3DP, SLA provides for smaller feature production 
with better dimensional resolution and accuracy. The permeability of these structures was 
evaluated experimentally and via numerical simulation utilizing a newly derived Kozeny– 
Carman based equation for intrinsic permeability. Both experimental and simulation studies 
took account of porosity percentage, pore size, and pore geometry. Porosity content was 
varied from 30% to 70%, pore size from 0.34 mm to 3 mm, and pore geometries of cubic and 
hexagonal closed packed were examined. Two different fluid viscosity levels of 1 mPas and 
3.6 mPas were used. The experimental and theoretical results indicated that permeability 
increased when larger pore size, increased fluid viscosity, and higher percentage porosity 
were utilized, with highest to lowest degree of significance following the same order. Higher 
viscosity was found to result in permeabilities 2.2 to 3.3 times higher than for water. This 
latter result was found to be independent of pore morphology type. As well as demonstrating 
method for determining design parameters most beneficial for scaffold structure design, the 
results also illustrate how the variations in patient’s blood viscosity can be extremely 
important in allowing for permeability through the bone and scaffold structures.  
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INTRODUCTION 
Synthetic bone scaffolds are used during surgery to aid fracture repair, replace diminished 
bone stock, and assist osseointegration of orthopedic implants to the native bone. These 
structures need to meet mechanical strength and permeability requirements to allow for load 
bearing and osteoconductivity. To increase osteoconductivity, the structure should be 
designed to allow for flow of nutrients and waste products related to the growth of new tissue. 
Fluid flow through a bone scaffold is therefore an important factor in its ability to regenerate 
a living tissue. Permeability is often used as a measure of a structure’s ability to allow for 
this. There is currently a wide range of biocompatible materials available for tissue 
engineering including polymers, ceramics and metals.
1–4 
Porous tantalum (Trabecular 
Metal
TM
) was characterized in the work of Shimko et al.
2,3 
In their work,scaffolds with a 
porosity of 66% to 88% were tested for various parameters such as tangent elastic modulus, 
yield stress, strain behavior, and intrinsic permeability.  
They concluded that the intrinsic permeability and tangent elastic modulus of tantalum 
correspond well with those of cancellous bones of similar porosity. Whereas ceramic and 
metal based scaffold materials are used for hard tissue scaffolds, polymer based scaffolds are 
used for either hard or soft tissue applications depending on the polymer type used and 
implant site specific requirements. Polymer-based scaffolds types were reviewed recently.
1,5 
The use of poly(methyl methacrylate) in particular has been found to be suitable for the 
manufacturing of highly porous scaffolds with controllable elastic modulus and 
permeability.
2 
Scaffolds developed by foaming sol–gel derived bioactive glasses were 
characterized by Jones et al.
6 
In their work the interconnectivity of pores was assessed and it 
was found that the permeability of the fabricated scaffolds was comparable to that of 
trabecular bone. 
The scaffold microstructure plays an important role in cell attachment and tissue 
vascularization.
7 
It is well known that cell ongrowth is highly dependent on the nutrients and 
waste product transfer through the porous structure.
8,9 
Therefore, measurement of the 
capability of fluid to travel through the fabricated scaffold designs is an important scaffold 
structure characteristic. Permeability of the structure is thought to be related more to cell 
growth than conventionally analyzed parameters alone, for example, porosity and pore size.
7 
Permeability is typically measured as water flow rate through the scaffold encased into a 
sealed chamber under a known hydrostatic pressure.
10
 
Al-Munajjed et al.,
11 
investigated the permeability and the porosity of hyaluronan–collagen 
scaffolds, suitable for soft tissues. Numerical calculations confirmed experimental results 
which indicated that porosity and permeability increased with increasing pore sizes. In their 
work, the three pore sizes chosen were 303, 403, and 525 mm. The test fluid media was water 
which was stored in a tank set at a constant height above the test specimen in order to keep 
the hydrostatic pressure at the top of the test sample constant. To determine the permeability 
constant, m, Darcy’s law was used as follows: 
 
where Q is the volume of discharge, l is the length of sample which the fluid flows through, h 
is the hydrostatic pressure, d is the sample total cross-sectional area, and t is the time taken 
for the fluid to flow through. A more commonly used alternative measure of fluidity through 
scaffolds is called intrinsic permeability K (in units of m
2
) and can be calculated from 
Darcy’s law as follows: 
 where q is the volumetric flow rate, l is the fluid viscosity, p is the pressure difference across 
the sample, and d and l are as per Eq. (1).
12,13 
 
Permeability of bones 
Several experimental studies have been conducted to measure the intrinsic permeability of 
real bone.
8,14,15 
In the work of Kohles et al.,
15 
permeability values ranging between 10
210 
m
2 
and 10
29 
m
2 
in various directions though bovine distal femur were determined using water as 
the fluid medium. These bovine samples produced values in a range similar to that of human 
bone. Grimm and Williams measured permeabilities for human calcaneal trabecular bone in 
the range 0.40 x 10
-9 
m
2 
to 11 x 10
-9 
m
2 
using raw linseed oil as the fluid medium.
8 
Permeability values determined in previous investigations for various types of human bone 
have ranged from 10
-11 
m
2 
to 10
-8 
m
2
.
1
 
Different flow rates have been observed to occur at the different scale levels within 
trabecular bone structures which include intra- and intertrabecular pores. Various pore types 
include lacunar–canalicular pores (on the order of 0.1 mm), vascular channels (on the scale of 
20 mm), and openpore marrow space (up to 1 mm in scale). Estimation of bone permeability 
just through the lacunar–canalicular pores was investigated in the work of Beno et al.14 In 
their work, several parallel-fibered diaphysis bone samples were used, from chick, rabbit, 
bovine, horse, dog and human origin. The number of canaliculi emanating from an osteocyte 
lacuna was determined and the local intrinsic permeability was estimated, using 
microstructural measurements. The authors provided measurements of intrinsic permeability 
along three axes, proving that these bone samples were anisotropic, as has previously been 
found for bovine bone by other workers.
15 
It was also shown that that the permeability was 
very sensitive to canalicular and osteocytic dimensions, less sensitive to the fiber matrix 
spacing and strongly dependent on the type of animal tissue being studied.
14 , 15
 
The effect of cyclical mechanical loading on fluid flow rate has been investigated using an 
ex vivo ovine model.
16 
The fluid flow, which was monitored via applied color tracers, showed 
that mechanical load enhanced the molecular transport and that diffusion alone could 
efficiently transport small (300–400 Da) but not larger molecules. Previous work has also 
shown that cyclical loading of human bone structures can affect blood content and, in turn, 
bone shear strength.
17   
Permeability can be seen as important therefore not only for 
osteoconductivity but also for the strength of bone structures. 
Mathematical calculation and experimental determination of intrinsic permeability based 
on the tetrakaidecahedral unit has been previously presented.
18 , 19   
Permeability was found, 
both experimentally and mathematically, to increase with increased pore size, and porosity. A 
similar technique was used in the work of Malachanne et al.
20   
The aim of their work was to 
compare the intrinsic permeability determined by experimental measurement with their 
developed finite element model. The experimental measurements for validation in their work 
were recorded with ex vivo ox bone. The experimental setup consisted of a standing pipe with 
storage water held at a set height above the test sample producing a constant hydrostatic 
pressure. The time for a defined volume of water to pass through the sample was measured. 
An intrinsic permeability of K = 1.1 3 10
-2 
m
2 
was determined.
20 
Swider et al.
21 
used magnetic 
resonance imaging to determine the fluid flow velocity, distribution, and permeability in a 
porous material. Their investigation was focused on hydroxyapatite bone scaffolds and the 
intrinsic permeability coefficient was calculated using Darcy’s law, resulting in a value of K 
= 2.66 3 10
-2 
m
2
. 
 
Fabrication and permeability testing methods for artificial scaffolds 
Although some works indicate that simulating natural healthy bone geometry is best for 
scaffold structures, others indicate that larger pore sizes are preferable within the structure to 
allow for ingrowth of native bone and for enhanced fluid transport during the short to 
medium term healing process after implantation. 
Fluids used for this type of analysis often differ between various research groups. Usually 
water solutions are used
3
; however, gases have also been examined. For example, in the work 
of Chor and Li
7 
dry air was used as the fluid medium to avoid scaffold hydrolysis and pore 
blockage. 
Despite this previous work, the optimal method of testing, fabrication method, and pore 
geometry is still undecided. In order to advance the knowledge in this area, the work 
presented in this article was undertaken using two different well defined structure types, cubic 
and hexagonal close packed. These were fabricated by stereolithography (SLA) and three-
dimensional (3D) printing (3DP). A great amount of interest within the last 10 years has 
focused on the use of rapid prototyping to manufacture synthetic bone scaffolds.
23–25 
Structures produced by rapid prototyping techniques, allow for control of pore size, porosity, 
and geometry. These structures have previously been tested by the authors and confirmed to 
be suitable to withstand the mechanical loading requirements of bone scaffolds.
26 , 27 
These 
structure types provide a high stiffness and, at the same time, a high level of porosity and 
large pore size which would be considered advantageous for achieving a high level of 
permeability. The aim of this work therefore was to investigate the use of SLA and 3DP rapid 
prototyping methods for the production of predefined, previously stresstested, cubic, and 
hexagonal synthetic bone scaffold designs with a view to optimizing these for permeability. 
 
MATERIALS AND METHODS 
Experimental permeability testing 
The scaffold model structures were designed using computer aided design software 
SolidEdge V100 and saved as SLA files. Two basic structures, hexagonal and cubic, were 
fabricated, see Figure 1. The set pore size and porosity percentage are summarized in Table I. 
The cubic structure was omnidirectional and therefore was tested along only one axis. The 
hexagonal structure has one primary axis in which fluid can flow with least obstruction 
(shown in Fig. 1). The fluid flow tests were performed along this direction. The majority of 
samples were manufactured using a Z310 ZCorp 3D printer with standard 3DP plaster 
powder material ZP113 and binder ZB-58. 
  
 
 
To reinforce the specimens, they were infiltrated using epoxy ZMax resin and left overnight 
to dry. Biocompatibility of these materials was not sought or required for the current work as 
this article focuses on permeability assessment of different structure geometries and scales. A 
micro-SLA (m-SLA) high definition ProJet
TM 
MP 7000, 3DSystems, was used to produce the 
smallest samples and some samples of similar size to the 3D printed scaffolds for 
comparison. These models were fabricated with commercial Accura 60 resin. 
Samples with six different scaffold pore sizes set in the range from 0.34 mm to 3 mm and 
porosity percentages of 30%, 50%, and 70% were fabricated by these methods. This resulted 
in 15 different cubic and 13 different hexagonal scaffold pore size/percentage combinations 
being fabricated, see Table I. Triplicates of each sample type were fabricated and flow rate 
through each sample was measured three times in order to allow for repeatability analysis. 
This resulted in nine flow rate measurements for each of the scaffold geometries. In this work 
the model pore size was defined as the inner length of the edges of the cubes for the cubic 
structures, and as the minimum diameter of an inner circle which could be contained within 
the hexagonal structures. For the hexagonal structures, the height of the repeated units was 
also recorded in order to fully define these lattice structures. The boundary of the scaffold 
structures was a 15 mm 3 15 mm 3 15 mm for pore sizes from 1.5 mm to 3.0 mm and a 3 mm 
3 3 mm 3 3 mm for pore sizes from 0.34 mm to 0.60 mm. A solid outer shell was built into 
the model to house these scaffold structures and to fit into the clamping device for 
permeability measurement, see Figure 1. 
 
The permeability testing rig is shown in Figure 2. This cylindrical collar around the scaffold 
structures served as a sealing surface with the clamping device walls. The printing time for 10 
samples with a 3mm pore size was about 30 min and for 10 samples with a 1.5 mm pore size 
the printing time was about 90 min. 
Two liquids with different viscosities (water and water with 30% glycerol solution) were 
tested. The water–glycerol solution (Sigma Aldrich) was used as a basic simulation of higher 
viscosity blood fluid, the viscosity of which is in the range of three to six times higher than 
water depending on the hematocrit, blood flow rate, and blood constituents such as proteins, 
nutrients, hormones, and excretory products. Blood typically varies from 3 mPas to 6 mPas 
while blood without cells typically varies from 1 mPas to 1.3 mPas.
28,29 
In this work, the 
viscosity of the water and water–glycerol solution used were recorded using a rotational 
viscometer (Rheology International Instrument, ASTM Spindle Type2) at 1 mPas and 3.6 
mPas, respectively. In order to understand the influence of the sample material on the flow, 
the contact angles of three different fluids, that is, tap water, deionized water, and water–
glycerol solution (30% glycerol by mass), were measured with a FTA-200 dynamic contact 
angle analyzer. 
 
The fluid holding tank contained a measured volume of 20 L. This large tank provided 
constant hydrostatic pressure, p, and was set at a height, Dh, of 800 mm above the sample. 
The hydrostatic pressure was calculated as follows: 
 
where  w 5 998 kg/m
3 
and  g/w 5 1077 kg/m
3 
at 20C. In order to conduct each permeability 
test, the specimen was placed into the clamping device and the time required for 500 mL of 
fluid to pass into the graduated container was measured. Darcy’s law, according to Eq. (2), 
was then used to calculate the experimentally determined intrinsic permeability values. 
 
Mathematical modeling of permeability 
Packed bed models are widely used in industry to calculate the pressure drop of a fluid 
flowing through a packed bed of solids. Such models have often been used to determine the 
permeability of scaffolds.
6 
The Kozeny–Carman equation, first proposed by Kozeny and later 
refined by Carman, is commonly used to predict permeability in various solids.
30–33 
This 
equation has many forms and is based on classical Navier–Stokes fluid mechanics. The 
Kozeny–Carman equation can be expressed to give n, the hydraulic conductivity (m/s), as 
follows: 
 
where C, constant;  w, dynamic viscosity of water [Ps.s];  w, density of fluid [kg/m
3
]; e, void 
ratio; g, acceleration of gravity [m/s
2
]; S, specific surface area[ 
  
  
] 
Dr = 
                
                
 
 
Given that 
 
where K is the intrinsic permeability (in m
2 
), the Kozeny– Carman equation can be 
rearranged to express it in terms of the intrinsic permeability: 
 we get for intrinsic permeability, 
 
The constant, C, is used to take into account the morphology of the flow-through channels 
in a porous media. A value of 0.2 based on previous work was used for C.
30 
The density of the 
solid was 1.21 kg/m
3 
for the SLA models and 1.25 kg/m
3 
for the 3DP models. The specific 
surface area, S, which varied with each scaffold design is one of the most critical parameters 
in this equation. The solid specific surface area of the structures as measured directly from 
corresponding CAD files was used in these calculations. 
 
RESULTS AND DISCUSSION 
Fabricated scaffold structure dimensions were generally found to be slightly larger in size for 
the SLA produced scaffolds and smaller for the 3DP produced scaffolds compared to the 
original CAD file dimensions. The resulting scaffold pore sizes are shown with 
corresponding permeability results in Figures 3 and 4. For the experimental work, the shortest 
and longest periods recorded for the fluid sample to flow though the scaffold were 3.02 s and 
98.22 s, respectively. The shortest time recorded was for the SLA material, with water as 
fluid, the hexagonal structure, with a 1.60 mm pore size, and with 70% structural porosity. 
The longest time was recorded from the glycerol–water solution flowing through the SLA 
material with the smallest pore size of 0.53 mm, 30% porosity, and a cubic structure. 
 
Experimental permeability testing results  
Figure 3(a,b) shows the experimentally captured permeability results with water as the fluid 
medium for the cubic and hexagonal structures, respectively. Figure 4(a,b) shows the 
experimental measured permeability results with the glycerol–water solution for cubic and 
hexagonal structures, respectively. The range of permeabilities measured was from 1.84 x10
-
10 
m
2 
to 4.19 x 10
-9 
m
2
. These measurements were highly repeatable, with 95% confidence 
intervals being an order of magnitude less than the measured results. Thus, the plotted error 
bars were actually overlapped by the point markers in Figures 3 and 4. As expected, higher 
flow rates and permeabilities occurred through structures with increased porosity and pore 
size. 
 
  
Within the range of pore sizes and porosities measured, pore size had a larger effect on the 
permeability results than the porosity level. Comparing similar sample types, experimentally 
measured permeability values were in the range of 2.2 to 3.3 times higher for the glycerol–
water solution compared to the less viscous water. This could be attributed to higher flow 
path disorder of the lower viscosity fluid flow through the structures. 
 This range was independent of structure type (hexagonal or cubic). This could be attributed to 
the higher contact angles with the scaffolds and associated increased hydrophobicity for the 
more viscous fluid, see Table II rows 1 and 3. Table II presents the contact angles determined 
with the different scaffold materials and fluids. Contact angles for the m-SLA scaffolds 
(Accura 60 material) were approximately six times higher, compared to the 3DP scaffolds, 
indicating their greater degree of hydrophobicity which resulted in higher permeability 
through the m-SLA scaffolds compared to the 3 DP scaffolds for similar pore size and 
porosity levels, see Figures 3 and 4. An in-depth review of methods for the evaluation of 
tissue engineering scaffold permeability has recently been presented.
34 
 
Mathematical modeling of permeability results  
Figure 5 shows the computed permeability for the cubic and hexagonal structures as 
calculated using Eq. (5). This formulation of intrinsic permeability derived from the Kozeny–
Carman equation is mostly dependent on the solid structural properties, that is, density, 
specific surface area, and porosity.  
Fluid densities cancel out and so the results in Figure 5 are independent of fluid type. The 
calculated permeabilities for the cubic and hexagonal structures ranged from 2.33 3 10
211 
m
2 
to 4.15 3 10
29 
m
2
, which encompasses the range of permeabilities measured experimentally. 
Similar trends in data with pore size and percentage porosity were noted, compared to the 
measured results. The calculated permeabilities for the cubic structures were 1.1 to 3.8 times 
higher than for the hexagonal structures. In comparison, the experimental measured 
permeability values indicated less preference for structure type. Comparing similar sample 
types, values for the hexagonal structures were in the range of 0.5 to 1.2 times those 
determined for the cubic structures. This range determined was independent of fluid. The 
results in Figure 5, and highlighted in Table III, show that the lowest levels of theoretically 
calculated permeability, which were produced at the lowest pore sizes, were lower than those 
measured during the experimental work. 
This indicates that while Eq. (5) gives a good indication of relative trends between different 
structures, in order to obtain absolute values which agree more closely with experimental 
data, the intrinsic formulation should take into account other factors such as pressure drop of 
fluid across the sample, fluid viscosity and surface energy at the fluid/ scaffold interface. 
 
  
Figure 6 highlights the variation in the specific surface area (S) with pore size and porosity 
level for the cubic and hexagonal structures. At pore sizes below 1.5 mm the specific surface 
area of the scaffold sharply increases. With this term effectively being a squared factor in the 
denominator of Eq. (5), it has the corresponding effect of sharply reducing the permeability at 
lower pore sizes relative to the experimental results. Similarly, the higher permeability values 
for pore sizes larger than 1.5 mm can be explained by a sharp decrease in the specific surface 
area, see Figure 6. 
CONCLUSIONS 
Combinations of pore sizes ranging from 0.34 mm to 3 mm and porosity content levels from 
30% to 70% were investigated in this work. This covers an important range within human 
bone structure pore sizes in healthy individuals which can range from 0.1 mm to 0.5 mm. 
Osteoporotic pore size ranges can extend to 3 mm in size and beyond.  
  
 
 
The resulting range of permeabilities measured was from 1.84 3 10210 m2 to 4.19 3 1029 m2, 
which is similar to the range reported in previous studies for analogue and human tissue 
structures, see Tables IV and V. All experimental results were determined to be highly 
repeatable. As expected, higher flow rates and permeabilities were recorded for larger 
porosity content levels and pore sizes. 
This follows also from the theoretical calculations where increased pore size provided a 
decrease in specific surface area which in turn results in increased permeability, see Eq. (5). 
The experimental permeability measurements from water–glycerol were 2.2 to 3.3 times 
higher than for water. This range was the same for both structure morphologies, cubic and 
hexagonal. This difference in permeabilities can be attributed to the different surface energies 
at the fluid/scaffold interface. Contact angles for m-SLA scaffold material were in the range 
of five to seven times those of the 3 DP scaffold materials. Higher hydrophobicity of the m-
SLA scaffold material could therefore be expected to result in increased permeability. From 
Eq. (2), formulation for intrinsic permeability, increased viscosity of the water–glycerol 
solution can also be seen to result in increased permeability. 
The theoretical calculated permeability through the cubic structures was determined to be 
1.1 to 3.8 times higher compared to that through the hexagonal structures. However, the 
experimental results showed no determinable effect on permeability, for either fluid, of pore 
morphology between the cubic and hexagonal structures. This discrepancy between 
experiment and theory could be partly due to an insufficient number of lattice cells having 
been tested during the experimental work. The theoretical calculation however using Eq. (5) 
does not take into account pressure drop of fluid across the sample, fluid viscosity, or surface 
energy at the fluid/scaffold interface. While Eq. (5) provides more comprehensive analysis of 
the effect of scaffold structure on permeability, Eq. (2) accounts for some of these latter 
mentioned parameters. A new model therefore combining the benefits of these two equations 
is suggested from this work in order to determine absolute permeability values. 
The predominant factor experimentally and theoretically affecting permeability values was 
the pore size. Viscosity was found to be the next most influential factor followed by level of 
porosity. Increased pore size, viscosity, and porosity resulted in the highest permeability 
values. The work presented in this article indicates that the fluid viscosity and corresponding 
surface energy at the fluid–solid interface have a significant influence on permeability. 
Specifically, higher viscosity and surface energy, within the bounds of the values examined in 
this study, resulted in significantly higher permeability values. Structure morphology along 
the primary axis, in terms of the cubic and hexagonal structures evaluated, were not found to 
have a significant effect on permeability. 
When designing bone scaffolds for use during orthopedic surgery, biocompatibility and an 
ability to withstand the local loading requirements are primary initial considerations. For 
longer term success of the implant, good permeability of the scaffold is critical to allow for 
inflow of cells and nutrients, as well as for waste product transfer. The results of this article 
show that in order to achieve good permeability, the pore size, porosity level, and material 
surface energy are primary design parameters that must be controlled. From the clinical 
viewpoint, the results presented here also illustrate how the variations in patient’s blood 
viscosity can be extremely important in allowing for permeability through the bone and 
scaffold structures. Careful consideration and further research should therefore focus on the 
effects on viscosity of the use of procoagulopathic agents or even the short term 
administration of anticoagulants such as heparin in an effort to aid patency of these channels. 
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